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ABSTRACT
We analyse galaxies in groups in the Sloan Digital Sky Survey (SDSS) and find a weak
but significant assembly-type bias, where old central galaxies have a higher clustering
amplitude (61 ± 9 per cent) at scales > 1 h−1Mpc than young central galaxies of equal
host halo mass (Mh ∼ 10
11.8h−1 M⊙). The observational sample is volume-limited out
to z = 0.1 with Mr− 5 log(h) 6 −19.6. We construct a mock catalogue of galaxies
that shows a similar signal of assembly bias (46 ± 9 per cent) at the same halo mass.
We then adapt the model presented by Lacerna & Padilla (Paper I) to redefine the
overdensity peak height, which traces the assembly bias such that galaxies in equal
density peaks show the same clustering regardless of their stellar age, but this time
using observational features such as a flux limit. The proxy for peak height, which is
proposed as a better alternative than the virial mass, consists in the total mass given
by the mass of neighbour host haloes in cylinders centred at each central galaxy. The
radius of the cylinder is parametrized as a function of stellar age and virial mass. The
best-fitting sets of parameters that make the assembly bias signal lower than 5−15
per cent for both SDSS and mock central galaxies are similar. The idea behind the
parametrization is not to minimize the bias, but it is to use this method to understand
the physical features that produce the assembly bias effect. Even though the tracers of
the density field used here differ significantly from those used in Paper I, our analysis of
the simulated catalogue indicates that the different tracers produce correlated proxies,
and therefore the reason behind this assembly bias is the crowding of peaks in both
simulations and the SDSS.
Key words: galaxies: formation - galaxies: haloes - galaxies: statistics - cosmology:
dark matter - cosmology: large-scale structure of Universe.
1 INTRODUCTION
In current hierarchical clustering models, galaxies form by
gas cooling inside virialized cold dark matter haloes in
a way that makes their properties depend only on the
halo mass in which they form. In the last few years, re-
sults from N-body simulations have shown that the halo
clustering at large-scales depends on other halo proper-
ties in addition to the halo mass (e.g. Gao et al. 2005;
Wechsler et al. 2006; Zhu et al. 2006; Gao & White 2007;
Faltenbacher & White 2010; Lacerna & Padilla 2011, 2012;
van Daalen et al. 2012). This effect in haloes, that is not
expected from the excursion set theory, was termed ‘as-
sembly bias’. For example, low-mass haloes assembled at
high redshifts are more strongly correlated than those of the
same mass assembled more recently. Therefore, one could
ask whether the assembly bias could affect the assumption
that galaxy properties, e.g. galaxy clustering, depend only
on the host halo mass.
By means of a semi-analytic model of galaxy formation,
Croton et al. (2007) showed that galaxy clustering on large
scales is affected by the correlation of halo environment with
halo assembly history. Lacerna & Padilla (2011, hereafter
Paper I) found an assembly bias effect in the semi-analytic
galaxies from the Lagos et al. (2008) model, where the old
population has a higher clustering at large scales than the
young population with the same host halo mass. Using semi-
analytic models, Xie et al. (2014) found that the assembly
bias may result in an abundance fraction 25 per cent lower
for void galaxies than the expected by using their stellar-to-
halo mass relation.
On the observational side, the existence of the assem-
bly bias is still debated. For example, Skibba et al. (2006, see
also Skibba & Sheth 2009) used galaxies from the Sloan Dig-
ital Sky Survey (SDSS; York et al. 2000) to measure marked
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correlation functions that when analysed using the halo
model suggest that the correlation between halo formation
and environment is not important for the bright galaxy pop-
ulation. Tinker et al. (2011) found similar results, indicating
that this dependence arises just from the correlation between
halo mass function and environment. However, Yang et al.
(2006) and Wang et al. (2008) found that groups with red
central galaxies, selected from the Two Degree Field Galaxy
Redshift Survey (2dFGRS; Colless et al. 2001) and SDSS
respectively, are more strongly clustered than groups of the
same mass but with blue central galaxies, this effect being
much more important for less massive groups. Zapata et al.
(2009) found that SDSS galaxy groups of similar mass and
different assembly histories show differences in their fraction
of red galaxies. Furthermore, Cooper et al. (2010) studied
the relationship between the local environment and prop-
erties of galaxies in the red sequence. After removing the
dependence of the average overdensity on colour and stellar
mass by setting a density parameter as an estimator of en-
vironment independent of these galaxy properties, they still
found that galaxies with older stellar populations occupy
regions of higher overdensities compared to younger galax-
ies of similar colours or stellar masses. Also, Alonso et al.
(2012) show that galaxies in groups in low global densities
are prone to show higher star formation compared to galax-
ies of equal properties and similar host groups but in high
density environments. Recently, Wang et al. (2013b) have
claimed the direct detection of the assembly bias in obser-
vations. They found that SDSS central galaxies with low
specific star formation rates (sSFR) cluster more than those
with high sSFR in low stellar mass bins. These results, from
models and observations, show that the concept of assem-
bly bias is applicable to galaxies in addition to dark matter
(DM) haloes and would then influence the physics of galaxy
formation.
The assembly bias effect is important when galaxies are
used to constrain cosmological parameters. Wu et al. (2008)
showed that upcoming photometric catalogues such as the
Dark Energy Survey (DES)1 and the Large Synoptic Survey
Telescope (LSST; LSST Science Collaborations et al. 2009)2
can infer significantly biased cosmological parameters from
the observed clustering amplitude of galaxy clusters if the as-
sembly bias is not taken into account. Furthermore, the halo-
galaxy connection inferred by models using galaxy clustering
and assuming only halo mass dependence, such as the halo
occupation distribution (HOD, Berlind & Weinberg 2002)
and the conditional luminosity function (Yang et al. 2003),
can be subject to an additional systematic error due to
the assembly bias (Wang et al. 2013a; Zentner et al. 2013).
Hearin et al. (2014) showed that an assembly bias effect in
HOD models is required for producing the signal of galac-
tic conformity on Mpc scales, i.e. quenched central galaxies
tend to reside preferentially in quenched large-scale environ-
ments (Kauffmann et al. 2013). Therefore, some properties
of central galaxies such as the quenching do not depend on
the halo mass alone.
Paper I presented a new peak height definition differ-
ent from the halo virial mass, where semi-analytic galaxies
1 See http://www.darkenergysurvey.org/.
2 See http://www.lsst.org/lsst/.
in haloes of a given mass but different age do not show the
assembly bias effect in the two-halo regime. This new def-
inition simply adds mass to that of the dark matter halo
in a way that makes old, low-mass haloes suffer the most
extreme peak height change with respect to what results of
using the virial mass as its proxy. In this paper we will test
this model using the galaxy catalogue of Yang et al. (2007)
based on SDSS. However, instead of using the total under-
lying mass inside spheres of different radii, we will use the
total mass of haloes inside cylinders along the position of
each central galaxy in order to make a more adequate proxy
for a peak height, in a similar way to what was proposed
in Paper I but applicable to real galaxy catalogues. We will
discuss the implications of using discrete tracers of the den-
sity field that consider neighbour distinct haloes instead of
a smooth density field.
The outline of this paper is as follows. In Section 2 we
present a galaxy catalogue based on the SDSS and also a
mock catalogue of galaxies. In Section 3 we measure the
assembly bias effect, namely, the large-scale clustering of
galaxies of a given host halo mass depends on the age, for
both the SDSS and the mock central galaxies. We adopt a
modified version of the model from Paper I in Section 4 using
observational features. The nature of the objects considered
by using the proxy of the overdensity peak height is shown in
Section 5, where we discuss the implications of using discrete
tracers of the density field that consider neighbour haloes
instead of a smooth density field. The conclusions of our
results are presented in Section 6.
Throughout this paper we use the reduced Hubble con-
stant h, where H0 = 100h km s
−1 Mpc−1, with the following
dependences: stellar age in h−1 yr, halo mass in h−1 M⊙,
scales (distances) in h−1 Mpc, and absolute magnitudes in
+5 log(h), unless the explicit value of h is specified.
2 DATA
2.1 SDSS galaxies
We use the galaxy group catalogue constructed by
Yang et al. (2007, hereafter Y07) from the New York
University Value-Added Galaxy Catalog (NYU-VAGC;
Blanton et al. 2005), which is based on SDSS DR4
(Adelman-McCarthy et al. 2006). Y07 dynamically associ-
ated a dark matter halo to the galaxies by using a halo-
based group finder algorithm. Each halo contains one or
more galaxies out to its virial radius. The group finder con-
sists of an iterative procedure that uses average mass-to-light
ratios of groups, based on the total stellar mass (or lumi-
nosity) of all group members down to some luminosity, to
assign a tentative mass to each group. Then the virial radius
associated to this mass is used for updating the group mem-
bership, repeating this process until convergence is reached.
The full sample consists of 369 447 galaxies with redshifts
in the range 0.01 6 z 6 0.2.
The Y07 group catalogue includes by construction the
halo (virial) mass,Mh, even when there is only one galaxy in
the halo. The group masses estimated with this method can
recover on average the true halo masses, with no significant
systematics (Yang et al. 2008). The available halo masses in
this catalogue are based on either the ranking of the char-
acteristic stellar mass or the ranking of the characteristic
c© 000 RAS, MNRAS 000, 1–12
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luminosity in the group. We use the halo mass based on the
characteristic stellar mass, which is defined as the sum of
the stellar mass of all the galaxies in the halo with Mr − 5
log(h) 6 −19.5, where Mr is the absolute magnitude in the
r-band. When the central galaxy (usually the most massive
galaxy in the halo) is fainter than the magnitude limit of
the sample, the host halo does not have a mass estimate.
For this reason, the lower halo mass limit in the Y07 cata-
logue is ∼ 1011.6h−1 M⊙. Furthermore, groups with strong
survey edge effects do not have halo mass estimates regard-
less the luminosity of their members. The latter affects only
1.6 per cent of all Y07 groups.
We select the central galaxy as the one with the highest
stellar mass in the halo. We use a volume-limited sample of
central galaxies out to z = 0.1. At this redshift, the sample
is complete down to the r-band absolute magnitude Mr− 5
log(h) 6 −19.6. In addition, we identify those galaxies with
estimates of the host halo mass in the Y07 catalogue and
with measured luminosity-weighted ages of Gallazzi et al.
(2005) since this latter parameter is essential to this work.3
There are 66,692 central galaxies with estimates of stellar
age and host halo mass that satisfy our requirements of ab-
solute magnitude and redshift.
The aim of this work is to detect the assembly bias effect
in central galaxies by measuring cross-correlation functions
against all the SDSS galaxies from the Y07 catalogue using
Mr− 5 log(h) 6 −19.6 and 0.01 6 z 6 0.1 (100,244 galaxies).
2.1.1 Age parameter δt
As was the case in Paper I, one of the most important param-
eters throughout this work is the age. For SDSS galaxies, we
use the luminosity-weighted age (or, simply, stellar age). To
study the assembly bias in galaxies, where old objects may
have a different clustering than young objects of the same
mass, it is not convenient to work directly with the stel-
lar age, for example, because this quantity correlates with
the mass. For instance, older central galaxies are located, on
average, in massive host haloes (see Fig. 1).
In Paper I, we presented a definition of age which is
independent of the host halo mass (Mh) through the δt di-
mensionless parameter
δti =
ti −
〈
t(Mh)
〉
σt(Mh)
, (1)
where for the i th galaxy, ti is its stellar age,
〈
t(Mh)
〉
is
the median stellar age as a function of Mh, and σt(Mh)
is the dispersion around the median obtained from the 10
and 90 percentiles of the distribution (error bars in Fig. 1).
Then, central galaxies with positive (negative) values of δt
correspond to old (young) populations with respect to the
median distribution of stellar ages at a given host halo mass.
In particular, throughout the paper we use δt > 0.5 to select
old galaxies and δt < −0.5 to select young galaxies. The
scatter in the observational stellar age can be higher than
the stellar age obtained in simulated galaxies such as the
3 Luminosity-weighted ages are obtained from
http://www.mpa-garching.mpg.de/SDSS/DR4/Data/stellarmet.html
which includes the DR4 version of the tables used in
Gallazzi et al. (2005).
Figure 1. Median luminosity-weighted stellar age for the
volume-limited sample of SDSS central galaxies (solid squares),
and median mass-weighted stellar age for the volume-limited sam-
ple of mock central galaxies (open circles), as a function of the
host halo mass (h = 0.7). Error bars correspond to the 10 and 90
percentiles of the stellar age distribution. For both samples, the
median population of galaxies in low-mass haloes is younger than
that of galaxies in massive haloes.
model described in Section 2.2. However, the same cuts in
δt to select old and young galaxies are used in the SDSS and
simulated samples.
2.2 The mock catalogue
We construct the mock catalogue using synthetic galax-
ies from the model by Lagos et al. (2008, see also Cora
2006), who combine a cosmological N-body simulation of the
concordance ΛCDM universe and a semi-analytic model of
galaxy formation to follow the evolution of the barionic com-
ponent of haloes accross cosmic history. The numerical sim-
ulation consists in a periodic box of 150 h−1 Mpc on a side
that contains 6403 dark matter particles with a mass resolu-
tion of ∼109 h−1 M⊙. The cosmology used is Ωtot = 1, Ωm =
0.28 (with a baryon fraction of 0.16), ΩΛ = 0.72, σ8 = 0.81,
h = 0.7, and spectral index ns = 0.96. Dark matter haloes
are identified as structures that contain at least 10 parti-
cles using a friends-of-friends (FOF) algorithm (Davis et al.
1985). Another algorithm (SUBFIND; Springel et al. 2001)
is applied to these groups in order to find substructures with
at least 10 particles. Typically, the most massive subhalo is
considered the main subhalo, while the other subhaloes are
satellites within a FOF halo. The galaxy population in the
semi-analytic model is generated using the merger histories
of dark matter haloes and their embedded subhaloes. The
virial mass for galaxies corresponds to the virial mass of
their respective DM substructures.
In order to make a fair comparison between the simula-
c© 000 RAS, MNRAS 000, 1–12
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Figure 2. Cross-correlation functions in the directions parallel and perpendicular to the line of sight for old (δt > 0.5, left panel) and
young (δt < −0.5, right panel) SDSS central galaxies in the host halo mass range 1011.6 < Mh/h
−1 M⊙ < 1012. The colour in the figure
key indicates the amplitude of the correlation function. The three contour levels, from large to small separations, correspond to ξ(σ, pi)
= 0.1, 0.5 and 1.0, respectively.
tion and observations, we construct a mock SDSS catalogue
using the semi-analytic galaxies. To do this we place an ob-
server at the position x, y, z = 0 in the simulation box, and
record the positions, peculiar velocities, apparent and abso-
lute magnitudes (at a fixed z = 0 rest-frame), mass-weighted
stellar ages among other properties, for galaxies whose an-
gular positions lie within the observing mask of the SDSS
DR4. The apparent magnitudes are calculated using the co-
moving distance to each galaxy; we apply an upper limit
in magnitudes at r = 17.77 to mimic the selection function
of the galaxy sample. We calculate redshifts taking into ac-
count both the comoving distance and the peculiar velocity
projected along the line of sight, which implies our mock
catalogue shows the Finger-of-God and Kaiser effects.
For the mock central galaxies, we use the virial mass
of their host dark matter haloes. In general there is a good
qualitative agreement between the stellar age as a function
of halo mass in the mock and SDSS central galaxies (see
Fig. 1). An important difference with respect to the SDSS
sample is in the definition of stellar age. In the mock cata-
logue we use the mass-weighted stellar age in contrast to the
luminosity-weighted stellar age of Gallazzi et al. (2005). For
this reason, the stellar ages in the mock catalogue appear to
be larger than those of the SDSS sample. The relative (nor-
malized) age parameter δt is estimated for the mock central
galaxies using the mass-weighted stellar age in equation (1).
Using the relative age parameter ensures that using the two
different age definitions does not affect our results, since
these two age definitions are related via a largely one-to-one
relation, even at the low age range where young stars act to
further decrease the age of a galaxy.
3 ASSEMBLY BIAS IN SDSS GALAXIES
The trend that old objects are located in regions of higher
densities than young objects of equal mass is readily seen in
the two-point correlation function, where the ones with the
higher clustering at large scales are those located on higher
density regions, which could be indicating the locations of
higher initial density peaks. The correlation function has the
advantage that it obtains an accurate characterization of the
spatial distribution of objects from kpc scales out to Mpc
scales by simply measuring the excess of pairs at a given dis-
tance with respect to a random distribution. Therefore, the
correlation function is a useful tool to study the large-scale
environment. Our overall results will support that older pop-
ulations are located in higher densities compared to younger
ones at a given host halo mass.
In this section, we will test whether SDSS central galax-
ies show an assembly-type bias by using the two-point cor-
relation function. Due to the redshift space distortions, we
have to calculate first the cross-correlation in two coordi-
nates ξ(σ, pi), where σ is perpendicular and pi is parallel to
the line of sight. Fig. 2 shows the resulting ξ(σ, pi) for the
old and young central galaxies in the host halo mass range
1011.6 < Mh/h
−1 M⊙ < 10
12. As can be seen there is a sub-
tle difference between both populations due to their slightly
offset clustering amplitudes (c.f. Fig. 3), but also possibly
due to different finger-of-god and infall effects. Given that
the differences in infall are too subtle, we will not use these
profiles to detect the assembly bias in contrast to Paper I.
We use the jackknife technique to estimate the vari-
ance error in the calculation of ξ(σ, pi), which has been
shown as a robust error estimator for cosmological samples
(Zehavi et al. 2002; Cabre´ et al. 2007), although it can over-
estimate the variance on small scales (Norberg et al. 2009).
In general, this method consists in dividing the sample in
c© 000 RAS, MNRAS 000, 1–12
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Figure 3. Projected cross-correlation functions for SDSS central
galaxies. The bin in host halo mass Mh is indicated in the panel.
Old and young galaxies of the same host halo mass are shown in
red circles and blue squares, respectively. Error bars are calcu-
lated using the jackknife method. The lower box corresponds to
the ratio between the correlation functions of the old and young
populations (solid line), where the jackknife errors are taken into
account. The dotted line is the unit ratio (i.e. no assembly bias).
parts and then the correlation function is calculated by dis-
carding one of the subsamples at a time, ξi(σ, pi), and it
is compared with the correlation function obtained for the
whole sample ξ(σ, pi) as follows
∆2 =
1
N
N∑
i=1
[ξi(σ, pi)− ξ(σ, pi)]
2 , (2)
where N is the total number of subsamples. In particular,
samples selected from both the SDSS and mock catalogues
are divided in twenty parts, i.e. N = 20.
We integrate over the pi component to obtain the pro-
jected correlation function ω(σ),
ω(σ) = 2
∫ pimax
pimin
ξ(σ, pi)dpi, (3)
where pimin = 0.1 h
−1Mpc and pimax = 30 h
−1Mpc. As
mentioned above, we calculate projected cross-correlation
functions using central galaxies. In this case, the clustering
amplitude is smaller than using all the galaxies (centrals and
satellites) as the main sample (see e.g. Wang et al. 2013b).
Furthermore, the projected cross-correlation functions for
central galaxies with halo masses larger than 1011.6h−1 M⊙
are noisy at small scales (i.e. the one-halo term), so that we
are only interested in the estimation of ω(σ) at large scales
(i.e. the two-halo term). Fig. 3 shows ω(σ) for old and young
SDSS central galaxies selected using limits in δt of equal
host halo mass. We systematically find that the old galaxies
show a higher clustering relative to the young population at
large scales (> 1 h−1 Mpc). Therefore, SDSS central galaxies
Figure 4. Same as Fig. 3 but for the mock central galaxies.
of equal host halo mass show a significant dependence of
clustering amplitude with the age, i.e. the assembly bias
effect with average differences of 61 ± 9 per cent for ω(σ).4
This result is in agreement with Wang et al. (2013b) who
find an assembly-type bias in galaxies but using sSFR in
bins of stellar mass instead of using stellar age in bins of
host halo mass as done in our case. Our sample definition
resembles directly those used to detect the assembly bias in
simulations (see e.g. Section 3.1), and therefore constitutes
a direct assembly bias measurement.
3.1 Assembly bias in the mock catalogue
Fig. 4 shows the results of the projected cross-correlation
functions for the mock central galaxies hosted by haloes of
the same mass as the SDSS samples. Error bars are cal-
culated using the jackknife method. As can be seen, old
mock central galaxies (red circles) are more strongly clus-
tered than the young mock central galaxies (blue squares)
in haloes of equal mass, with average differences of 46 ± 9
per cent in the clustering amplitude of ω(σ) at large scales
(> 1 h−1 Mpc).
The results from observed SDSS central galaxies and
mock central galaxies are qualitatively similar; old galax-
ies cluster more than young galaxies in host haloes of equal
(low) mass. Quantitatively, the differences found in the clus-
tering amplitude, i.e. the average ratio between ω(σ) of the
old and young central galaxies, of the SDSS and mock sam-
ples are consistent with each other (e.g. bottom panels of
Figs. 3 and 4). We measure a high signal of assembly bias
when using ω(σ), which is remarkable for the SDSS central
galaxies (50− 70 per cent).
High density environments play a key role in properties
4 The uncertainties are estimated by using the jackknife errors.
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such as the formation age. Later in this work we will use
this density-age connection to obtain a peak-height proxy
that traces the assembly bias effect. We will show that the
crowding around objects helps us trace the assembly bias
effect as efficiently as with the smooth density field approach
introduced in Paper I.
4 OVERDENSITY PEAK HEIGHT PROXY
USING RELATIVE AGE AND HALO MASS
In Paper I, we presented an approach to trace the assembly
bias effect. This consisted in measuring the total mass in-
side spheres of different radii around semi-analytic galaxies,
which in some cases could be larger than the virial mass of
the host dark matter halo. Using two free parameters to in-
troduce a dependence of this radius on mass and age, this
model defined a new overdensity peak height for which the
large-scale clustering of objects of a given mass did not de-
pend on the age. The peak height can be thought as the size
of the density perturbation that will collapse in a structure,
and it is usually well represented by the virial mass; the
higher the peak, the more massive will be the structure. We
then analyzed the changes of this peak height proxy, com-
pared to virial masses. We typically found that low-mass,
old galaxies have larger peak heights than young galaxies
of equal virial mass, which implies that the environment
is more dense for old objects. They are preferentially sur-
rounded by massive neighbour haloes, which is in agreement
with other works that mention old, low-mass haloes may
suffer a truncated growth due to massive neighbour haloes
(Wang et al. 2007; Dalal et al. 2008; Hahn et al. 2009) or
where additional effects (e.g. tidal forces) can arise in dwarf
haloes ejected from massive clusters thus forming earlier
than dwarf haloes in the field (Li et al. 2013). Therefore, the
parametrization of the radius of the sphere to measure the
environment is a useful tool to understand what is behind
the assembly bias.
However, it is difficult to obtain the underlying mass
information for real galaxies. For this reason, the aim of this
section is to design a similar procedure, but using the host
halo mass of central galaxies from Y07. The idea behind
our work is not to minimize the bias, but it is to use this
method to understand the physical features that produce
the assembly bias.
Instead of using spheres as in Paper I, we measure the
total mass inside a cylinder by considering the host halo
mass of neighbour galaxies around each central galaxy along
the line-of-sight to take into account the limitations imposed
by the redshift space distortions. This procedure is similar
to the counts-in-cylinders (e.g. Berrier et al. 2011, and more
references therein), but the radius of the cylinder for each
central galaxy in h−1 Mpc units is parametrized as
r = a δt + b log
(
Mh
Mnl
)
, (4)
where the free parameters are a and b, Mh is the host halo
mass of the central galaxy and Mnl is the non-linear mass
at z = 0.5 As in Paper I, we use log(Mnl/h
−1 M⊙) = 13.38.
(Mnl is a factor of normalization that only contributes to the
5 It is defined as the mass within a sphere for which the rms
size of the radius r. The general results after performing the
parametrization do not change when modifying the adopted
value of the non-linear mass.) The length of the cylinder
is ∆v = ± 500 km s−1 centred at each central galaxy.6 We
add the halo mass of neighbour central galaxies (with masses
> 1011.6h−1 M⊙ which is the lower halo mass limit in our
SDSS sample) within the cylinder to obtain the total mass of
distinct haloes in this volume. When the radius r is negative,
the total mass of the central galaxy remains unchanged, i.e.
M =Mh. If this radius is greater than 3 h
−1 Mpc, the galaxy
in the center of the cylinder will not be considered for further
analysis (for the best-fitting set of parameters, none of the
central galaxies in the SDSS and mock catalogues exceed
this limit in radius).
Notice that this cylinder will include neighbour central
galaxies and therefore this will be related to the crowding of
the environment of the galaxy, a measure of the local density,
but with an adaptive volume size depending on the galaxy
age and host halo mass. This procedure to trace the assem-
bly bias will use correlation functions of relatively old and
young galaxies to fit the parameters of the cylinder radius,
but this parametrization will only be said to correlate with
the correction of Paper I (missing peak mass) if the excess
of crowding in galaxies correlates with the excess of mass
found in haloes reported in our previous paper. In order to
demonstrate that this is the case, we first need to find the
parameters that trace the assembly bias using this measure-
ment of crowding, and then to check whether the relation
between crowding and missing peak mass is present. In con-
trast to Paper I, we do not use the infall velocity profile
because the velocity inferred from redshift space distortions
is noisy compared to the velocity from numerical simula-
tions. We apply the method first to mock galaxies and then
to SDSS galaxies.
4.1 Mock galaxies
When measuring the total mass in each cylinder in the mock
catalogue, we use central galaxies with Mh > 10
11.6 h−1
M⊙, which corresponds to the lower limit in halo mass of
the SDSS sample.
We select old and young central galaxies with the rel-
ative age, δt, as measured in Section 2.1.1 but using the
total mass M . The samples are split into three total mass
bins in log(M/h−1 M⊙) with the same width. For a given
mass bin, the old and young subsamples contain the same
number of central galaxies. The cross-correlation functions
are obtained in redshift space, ξ(σ, pi), between the subsam-
ples of old/young mock central galaxies against the mock
sample of centrals and satellites galaxies that satisfy Mr−
5 log(h) 6 −19.6 and 0.01 6 z 6 0.1. We estimate their
projected correlation functions as described in Section 3.
In order to find the best-fitting parameters that do not
show an age dependence of the clustering, the reduced χ2
fluctuation amplitude of the linear field is 1.69 times the critical
density of the Universe, which corresponds to the gravitational
collapse in the spherical collapse model.
6 The choice of this cylinder length corresponds to the radial
velocity dispersion of poor galaxy clusters. Our general results do
not change if we use other cylinder lengths, e.g. ± 750 km s−1.
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Figure 5. Projected cross-correlation functions for mock central
galaxies, but with the new proxy massM by using the best-fitting
values a = 0.3 and b = −0.6 in equation (4). The mass range is
indicated in the panel. Old and young mock galaxies are shown in
red circles and blue squares, respectively. Error bars are calculated
using the jackknife method.
for the correlation function statistics is defined as
χ2 =
1
3
3∑
i
(
1
ndof
∑
r
[
ωold(σ)− ωyoung(σ)
]2
∆2ω
)
i
, (5)
where ωold(σ) is the result for old galaxies and ωyoung(σ) is
that for young galaxies. The error is ∆2ω = ∆
2
ωold
+∆2ωyoung ,
where the first term is the jackknife error for ωold(σ) and the
second term is that for ωyoung(σ). This statistics is estimated
within the range 4 < r/h−1 Mpc < 15, i.e. in the two-halo
term. The symbol ndof denotes the number of degrees of
freedom. The χ2 value is the average over the three total
mass bins.
The best-fitting parameters corresponding to the high-
est likelihood in the full parameter space for mock galaxies
are a = 0.3 and b = −0.6 (χ2 ∼ 2.58). Fig. 5 shows the cross-
correlation functions of old and young mock central galaxies
using these values, for the lowest mass bin of M . The as-
sembly bias for this mass bin is on average reduced to 4 ±
6 per cent in the mock sample after using this formalism.
Fig. 6 shows an example of the method to estimate the
total mass. The filled pentagon shows the position of a cen-
tral galaxy with halo mass Mh = 8.3 × 10
11 h−1 M⊙. The
solid circle describes the radius of the cylinder around this
galaxy using equation (4) with the best-fitting values a =
0.3 and b = −0.6. The solid squares show all the neighbour
distinct host haloes within the cylinder. In this case, it is
just one halo of mass Mh = 7.1 × 10
12 h−1 M⊙. The total
mass inside the cylinder, or the proxy of peak height for the
central galaxy (filled pentagon), is thenM = 7.9 × 1012 h−1
M⊙.
Fig. 7 shows the likelihood functions for the mock sam-
Figure 6. Distribution in Right Ascension and Declination of
some distinct host halos (squares) in the mock catalogue. The size
of the squares is proportional to the halo mass. As an example of
the method described in Section 4, the filled pentagon shows the
position of a central galaxy. The solid circle describes the physical
radius of the cylinder around this galaxy using equation (4) with
the best-fitting values a = 0.3 and b = −0.6 (see Section 4.1). The
length of the cylinder is ∆v = ± 500 km s−1 with respect to the
central galaxy. The solid squares show all the neighbour distinct
host haloes within the cylinder.
Figure 7. Marginalized likelihood functions for the free param-
eters a and b (left and right panels, respectively) using mock
galaxies (dashed lines) and SDSS galaxies (solid lines). Both ap-
proaches for the total mass in cylinders of radius r (see equation
4) obtain roughly similar maximum values in the range of 1σ
(intersection of distributions with the horizontal dotted line).
ple (dashed lines) and those of the SDSS sample (solid lines,
see Section 4.2 for details). Notice that the maximum likeli-
hood in this figure occurs for parameter values that do not
necessarily coincide with those of the maximum likelihood in
the full parameter space. We find that both approaches for
the total mass obtain roughly similar maximum likelihood
values consistent within a 1σ confidence (indicated by the
intersections of the parameter distributions with the dotted
line). This justifies our use of M as a reasonable good esti-
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Figure 8. Same as Fig. 2 also for SDSS central galaxies, but using the proxy for peak height defined by the best fitting parameters
a = 0.3 and b = −1.08 in equation (4) in the total mass bin 1011.63 < M/h−1 M⊙ < 1012.74 .
mator of the original peak that gave origin to each central
galaxy with the best-fitting values a = 0.3 and b = −0.6 in
the case of the mock catalogue.
In the next section we apply the approach to redefine
the overdensity peak height of SDSS galaxies.
4.2 SDSS galaxies
Similarly to the previous Section, we split the samples into
three total mass bins in log(M/h−1 M⊙) with the same
width. We select subsamples that contain the same num-
ber of old and young SDSS galaxies for a given mass bin,
with the condition |δt| > 0.5, but using the distribution of
the luminosity-weighted stellar age as a function of the total
mass M . Recall this mass is estimated inside a cylinder of
radius r. The correlation functions are obtained in redshift
space, ξ(σ, pi), and we estimate their projected counterpart
as described in Section 3.
For the SDSS central galaxies, the best-fitting values
are a = 0.3, b = −1.08 (χ2 ∼ 12.35). The marginalized
probability distributions for a and b are shown as solid lines
in Fig. 7, and as can be seen there is a reasonable good
agreement with the distributions obtained from our mock
catalogue. The correlation functions in redshift space and
the projected correlation functions are shown in Figs. 8 and
9, respectively, for the lowest mass bin using these values.
Again, the effect of assembly bias is reduced using the proxy
for the overdensity peak height at scales > 1 h−1 Mpc; for
the lowest mass bin the average differences in clustering am-
plitude are 8 ± 10 per cent in the case of ω(σ). We confirm
that our approach is able to define an initial peak-height
proxy using the crowding of the region where galaxies lie, in
a similar manner to that implemented in Paper I, and that
SDSS galaxies show a similar behaviour to mock galaxies
since their best-fitting sets of parameters are comparable.
In this context, as mentioned above, Fig. 7 shows
the marginalized likelihood distributions for the free
parameters a and b of equation (4) for the SDSS and
mock catalogues. By estimating a weighted average for the
values in the range of 1σ for the two distributions, we obtain
a = 0.26± 0.19
b = −0.75± 0.36.
The best estimates for the a parameter are always
positive, whereas those for the b parameter are negative
when defining an overdensity peak height proxy using
discrete masses. The next section will discuss the properties
of this proxy of peaks.
5 PEAKS DEFINED USING DISCRETE
MASSES
The redefinition of the overdensity peak height using halo
masses within cylinders is able to trace the assembly bias
(Section 4). Table 1 shows the median radius of equation (4)
in physical units of h−1 kpc for three different bins in Mh
using the mock central galaxies. The results are shown for
the best-fitting values a = 0.3, b = −0.6. The radius of the
cylinder for all the mock central galaxies decreases to higher
masses. This is in agreement to what was discussed in Paper
I, where the radius decreases to more massive objects. Bear
in mind that the radius can be negative, r < 0, since both the
first and second term of equation (4) can be negative, which
implies M =Mh. The results are also split according to the
classification of old and young populations after performing
the redefinition of mass for these mock central galaxies. As
in Paper I, old objects have higher radii than young objects
of equal mass Mh, thus suggesting stronger environmental
dependences for old populations.
Table 2 shows the median radius of equation (4) using
the SDSS central galaxies. In general, there is a good agree-
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Table 1. Median radii in physical units (h−1 kpc) from equation (4) for mock central galaxies (see details in Section 4.1), as given by
the best-fitting parameters a = 0.3, b = −0.6. The results are shown for all mock centrals and, also, split among the old and young
populations after performing the redefinition of mass. The radius r < 0 implies M = Mh. The halo mass Mh is in units of h
−1 M⊙.
Mock: best-fitting parameters Ages
〈
r/h−1kpc
〉 〈
r/h−1kpc
〉 〈
r/h−1kpc
〉
log Mh = (12, 12.6) log Mh = (13, 13.6) log Mh = (14, 14.6)
a = 0.3, b = −0.6 All 700.0 111.3 < 0
Old 845.9 273.9 < 0
Young 371.0 < 0 < 0
Table 2. Median radii in physical units (h−1 kpc) from equation (4) for SDSS central galaxies (see details in Section 4.2), as given by
the best-fitting parameters a = 0.3, b = −1.08. The results are shown for all SDSS centrals and, also, split among the old and young
populations after performing the redefinition of mass. The radius r < 0 implies M = Mh. The halo mass Mh is in units of h
−1 M⊙.
SDSS: best-fitting parameters Ages
〈
r/h−1kpc
〉 〈
r/h−1kpc
〉 〈
r/h−1kpc
〉
log Mh = (12, 12.6) log Mh = (13, 13.6) log Mh = (14, 14.6)
a = 0.3, b = −1.08 All 1231.8 177.8 < 0
Old 1465.1 376.2 < 0
Young 971.2 < 0 < 0
Figure 9. Projected cross-correlation functions for SDSS central
galaxies, but with the new proxy massM by using the best-fitting
values a = 0.3 and b = −1.08. The mass range is indicated in
the panel. Old and young SDSS galaxies are shown in red circles
and blue squares, respectively. Error bars are calculated using the
jackknife method.
ment of the radius sizes with respect to the mock catalogue
(see Table 1) for the massive haloes (Mh > 10
13 h−1 M⊙),
with differences among them smaller than 102 h−1 kpc, but
the radius for less massive host haloes (Mh ∼ 10
12.3 h−1
M⊙) in the case of SDSS galaxies is ∼ 600 h
−1 kpc higher
than the radius in the case of mock galaxies of equal host
halo mass. This means that the best-fitting set of param-
eters that make the assembly bias very low for both mock
and real galaxies are somewhat similar when using discrete
masses in cylinders as a proxy of peak height, although with
the need of higher radius for SDSS galaxies in relatively
low-mass host haloes. One reason for this might be related
with the fact that, in general, semi-analytic models do not
reproduce all the phenomenology of real galaxies (e.g. mass
downsizing). However, note that the radius r in equation
(4) is strongly determined by the free parameters a and b.
Therefore, the differences in the radii reported in Tables 1
and 2 are mainly due to the fact that the best-fitting value
is b = −0.6 for mock galaxies and b = −1.08 for SDSS galax-
ies. Given the uncertainties (e.g. Fig. 7), it is premature to
infer any physical interpretation in this regard.
The method followed to redefine the peak height could
be compared to adding up the mass from the smooth density
field beyond the virial radius. First, we compare the result-
ingM mass function in the mock catalogue with the original
mass function of haloes with mass Mh to help interpret the
changes introduced by our approach; this is equivalent to
our procedure in Paper I where we compared the mass func-
tions for the original virial mass, and that resulting from
our redefinition of peak height. Fig. 10 shows differences in
the mass function that results from the redefinition of mass
M for mock central galaxies (solid circles) and that from
the host halo mass Mh (open circles). Recall we only use
host haloes of central galaxies with the conditions Mr− 5
log(h) 6 −19.6 and 0.01 6 z 6 0.1. One could have expected
the number of these objects with mass M to be similar to
that of all haloes of mass Mh. The difference between the
mass functions measured with M and Mh is relatively small
but not negligible. In the next section we will study the ori-
gin of this discrepancy.
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Figure 10. Mass function using the parameters a = 0.3 and b =
−0.6 (solid circles) in the mock catalogue. Open circles correspond
to the mass function using the original host halo mass, Mh.
5.1 Discrete mass tracers compared to underlying
smooth density field
In Paper I we found that the redefinition based on the mass
density field does not change the halo mass function at
M > 1012 h−1 M⊙ (see their Fig. 8) when compared to
that obtained from the virial mass. This is in agreement
with the result found by Gao et al. (2005) where the assem-
bly bias with respect to formation time is not important for
the high mass regime. The reason for the change found in
the low-mass regime is that the peak for an old, low-mass
object adds more haloes and mass than for a young object
of equal mass.
The discrete formalism presented in Section 4 actually
measures the crowding around objects which constitutes a
different proxy of the peak height than the total underly-
ing mass. In order to compare both proxies of the peak
height, we use the semi-analytical galaxies that were used
to construct the mock catalogue (see Section 2.2). The dis-
crete mass proxy is performed by means of the total mass
of neighbour host haloes within cylinders around synthetic
central galaxies with the condition Mr− 5 log(h) 6 −19.6.
Only neighbour host haloes with masses > 1011.6h−1 M⊙ are
considered. On the other hand, the underlying mass proxy
is estimated by using the DM particles of the numerical sim-
ulation (Section 2.2) contained in spheres around the same
synthetic central galaxies. In both cases, the radius of the
cylinders/spheres is given by the equation (4). The length
of each cylinder is ∆v = ± 500 km s−1 centred at synthetic
central galaxies by using the z-axis of the simulation as the
line-of-sight and turn the z-coordinate into a recession ve-
locity, v′z = 100z + vz, where vz is the velocity component
in the z-coordinate. We then repeat the procedure described
in Section 4.1, but using cross-correlation functions in real
Figure 11. Estimates of the overdensity peak height proxy in
Section 5.1 using the approach that considers the mass of DM
particles (best-fitting set of parameters a = 0.3 and b = −0.12,
x-axis), and the mass of host DM haloes (a = 0.1 and b = −0.84,
y-axis). This is the total mass contained in spheres and cylinders,
respectively, around the same synthetic central galaxies (grey dot-
ted points) in units of the virial mass of their host DM haloes.
Solid circles are the medians and the error bars correspond to
the 16 and 84 percentiles of the distribution. The dashed line
represents a one-to-one relation for both masses.
space in equation (5). The best-fitting parameters obtained
for the discrete mass proxy are a = 0.1, b = −0.84, which
are consistent with the marginalized likelihood functions of
the mock catalogue (Fig. 7). The best-fitting values for the
underlying mass proxy are a = 0.3, b = −0.12. Fig. 11 shows
a comparison between the two estimates of the overdensity
peak height proxy. The approach that considers the mass
of host DM haloes adds on average more mass than the
approach using the mass of DM particles, which results in
a different mass function (c.f. Fig. 10). However, there is
a clear correlation between both methods, indicating that
the same phenomenon is being described. We calculate a
correlation coefficient using the Pearson’s product-moment
coefficient,
C =
N∑
i=1
(∆di −∆d)(∆ui −∆u)
√√√√ N∑
i=1
(∆di −∆d)2
√√√√ N∑
i=1
(∆ui −∆u)2
, (6)
where ∆d = log(M/Mh) for the discrete mass proxy (y-axis
of Fig. 11) and ∆u = log(M/Mh) for the underlying mass
proxy (x-axis of Fig. 11). Their respective averages are ∆d
and ∆u. We obtain C = 0.36, which means that there is
a medium strength in the correlation between both proxies
of the peak height, at least with a lower halo mass limit
Mh = 10
11.6h−1 M⊙. This strength in the correlation does
c© 000 RAS, MNRAS 000, 1–12
The nature of assembly bias - III 11
not change if we include in the discrete proxy a scatter in the
halo mass of the simulation similar to that found by Y07.
We conclude that although our discrete proxy to mea-
sure the total mass will not reproduce the mass function, the
reason for this is only the use of discrete neighbours. If we
were able to measure the distribution of mass around cen-
tral galaxies, we would obtain a more physical mass function
(e.g. Paper I). This result implies that the phenomena be-
hind the assembly bias, namely, the truncation of infall mass
in haloes of low mass embedded in high density regions, can
be detected with this discrete proxy for the peak height that
can be applied to real galaxy surveys.
6 CONCLUSIONS
We have shown that the assembly bias effect, namely, the
difference in the clustering amplitude at large scales of pop-
ulations of equal mass but different age, exists for both mock
central galaxies and SDSS central galaxies. This is a relevant
issue that could affect the ability of the next generation of
galaxy surveys to infer accurate cosmological parameters. By
means of a large halo-based galaxy group catalogue (Y07),
constructed from the SDSS, we select central galaxies (i.e.
the most massive galaxy in the group). This catalogue in-
cludes the estimation of the host halo mass with a lower
limit of Mh = 10
11.6h−1 M⊙. Using the projected correla-
tion function, the clustering strength of old (mock) SDSS
central galaxies is (35−55 per cent) 50−70 per cent higher
than that of young (mock) SDSS central galaxies of same
halo mass (Mh ∼ 10
11.8h−1 M⊙) at projected scales > 1
h−1 Mpc. The estimator of age is based on the mass- and
luminosity-weighted stellar ages for the synthetic and SDSS
galaxies, respectively.
Lacerna & Padilla (2011, Paper I) presented an over-
density peak height proxy with the aim to understand the
assembly bias effect. This new definition was proposed as
a better alternative than the virial mass. In this work we
adapt this model to observations. As the SDSS catalogue is
limited in flux, and as the tracers of mass are the host haloes
of neighbours central galaxies, the method is modified to use
the crowding of the environment around central galaxies, in-
stead of searching for a correction to the virial mass as was
done in Paper I. We measure the total mass given by the
mass of neighbour host haloes in cylinders centred at each
central galaxy, thus obtaining an estimate of the crowding
around them, which traces the assembly bias. The radius of
this cylinder is parametrized as a function of stellar age and
host halo mass of the central galaxy. The best-fitting sets
of parameters in the mock catalogue and observations are
similar (a = 0.3, b = −0.6 and a = 0.3, b = −1.08, respec-
tively). In both cases the assembly bias is lower than 5−15
per cent after using this approach. By estimating a weighted
average for the values in the range of 1σ for mock and SDSS
central galaxies, it is obtained that the set of best-fitting
parameters for the radius of the cylinder is a = 0.26± 0.19,
b = −0.75 ± 0.36.
This latter model, which constitutes a discrete formal-
ism when counting neighbour haloes within cylinders, does
not reproduce the original mass functions since it actually
measures the crowding around central galaxies. However, it
is reasonably correlated with the smooth density field ap-
proach of Paper I. Therefore, both formalisms help us reach
the same conclusion, that the virial mass of dark matter
halos sometimes is not appropriate as a proxy for the peak
height. It is likely that low-mass haloes in high density envi-
ronments show their growth truncated by the gravitational
effects of their massive neighbours. Our results indicate that
this phenomenon also affects the growth of galaxies in ad-
dition to the growth of their host dark matter haloes. This
might induce a misclassification of galaxies in theoretical
models to populate haloes, such as the Halo Occupation
Distribution (HOD), because of using virial mass instead
of proper peak height.
These results will be of high importance for the next
generation of galaxy surveys, such as LSST. The huge
amount of information available will allow us to measure the
clustering amplitude of galaxies with significant statistics at
Mpc scales. Therefore, as we show in this paper, it will be
absolutely necessary to model the effect of the environment
on the two-halo regime in order to understand its role in the
formation and evolution of haloes and galaxies. Theoretical
models will have to include this phenomenon in order to re-
produce the observational data with high accuracy in the
new era of precision cosmology.
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